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ABSTRACT
W hit in g , C. Kathleen, M.S., 1977 Geology
Small Lacco liths  and Feeder Dikes o f  the Northern Adel Mountain 
Volcanics ( 74 pp .) .
D ire c to r :  David D. A11
Potassium-rich basa lts  o f  the upper Cretaceous Adel Mountain 
Volcanics form a th ic k  sequence o f  f lows and vo lcan ic  breccias 
in truded  by ra d ia l d ike swarms, la c c o l i t h s ,  and stocks. Complex 
dikes ra d ia t in g  from m u lt ip le  centers approximately 4 miles to  
the west o f  the center proposed by Lyons (1944) and Beall (1973), 
feed two sets o f  la c c o l i th s  arrayed along c i r c u la r  arcs north  o f  
the main vo lcan ic  p i le .
Lyons (1944) and Beall (1973) showed th a t  the northernmost 
la c c o l i th s  are emplaced in  the lower p a r t  o f  the upper Cretaceous 
V irg e l le  sandstone along an arc w ith  a radius o f  about 20 m iles . 
These bodies are more than h m ile  in  diameter and r e la t iv e ly  s i l l ­
l i k e .  Four sm aller la c c o l i th s  arrayed along a concentric  arc 
w ith  a radius o f  about 13 m iles are s teep-s ided, t h e i r  th ickness 
being g rea te r than t h e i r  diameter. These are emplaced along the 
unconformable In te r fa ce  between the Two Medicine Formation and 
the ove r ly in g  Adel Mountain vo lcan ic  p i le .
The la c c o l i th s  and th e i r  feeder dikes contain prominent euhedral 
phenocrysts o f  d io p s id ic  aug ite  and less prominent phenocrysts o f  
p lag ioc lase  and e i th e r  b io t i t e  o r  o l iv in e .  Surrounding the pheno­
c rys ts  is  a f in e -g ra in e d  groundmass o f  anorthoclase, p lag ioc lase , 
pyroxene, and magnetite, a l te re d  in  some cases to a complex assem­
blage o f  z e o l i te s .  Blebs o f  magnetite and a p a t i te ,  apparently re ­
f le c t in g  phase im m is c ib i l i t y ,  are pervasive. Pétrographie analy­
s is  o f  p o rp h y r i t ic  tex tures  ind ica tes  th a t  pyroxene phenocrysts 
c r y s ta l l iz e d  p r io r  to  in t ru s io n  o f  the d ikes. These phenocrysts, 
however, show no f low  fea tu res . The lack o f  f low  d i f f e r e n t ia t io n  
fea tu res  may in  p a r t  be expla ined by turbulence during magma in ­
je c t io n .
11
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CHAPTER I 
INTRODUCTION
The Adel Mountain Volcanics» located approximately 56 k ilom eters 
(35 m iles ) southwest o f  Great F a l ls ,  Montana, form the northern end o f  
the Big B e lt  Mountains o f  w est-cen tra l Montana (F ig . 1). These vo lcan ics
GREAT FA LLS
FT. SHAW
IMMS
STUDY V 
AREA
ST. PETER
CASCADE
GREAT F A L L S
10 K M V a DEL M OUNTAIN  
VOLCAN 1 CS
Figure 1. Location map o f  Adel Mountain 
Volcanics and the Study Area.
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are a th ic k  (>  900 meters) sequence o f  Late Cretaceous to  e a r ly  T e r t ia ry  
po tass ium -rich  f lo w s , b recc ias , and agglomerates, and unconformably 
o v e r l ie  the Two Medicine Formation. Complex d ike swarms, s i l l s ,  
la c c o l i t h s ,  and s tocks , fed from centers w i th in  the vo lcan ic  p i le ,  
in tru d e  the Upper Cretaceous sedimentary formations surrounding the 
northern edge o f  the vo lcan ic  rocks (F ig . 2 ) .  The western edge o f  
the Adel Mountains is  bounded by an im brica te  th ru s t  zone o f  
M iss iss ipp ian  to upper Cretaceous rocks (Lyons, 1944).
Two sets o f  la c c o l i th s  form arcura te  arrays north  o f  the main 
vo lcan ic  p i le  (F ig . 3 ). The northernmost la rg e , s i  11- l i k e  la c c o l i th s  
s tud ied by Beall (1973) a l ig n  on a c i r c u la r  arc w ith  a rad ius o f  about 
32 k ilom e te rs . Smaller steep-sided la c c o l i t h s ,  included w ith in  the 
study area, are about 21 k ilom eters from the source and on ly a few 
m iles north  o f  the vo lcan ic  p i le .  These in tru s iv e s  form a sm aller 
arcuate array  w ith  v is ib le  dikes ta n g e n t ia l ly  in te rs e c t in g  each la c c o l i th .  
Erosion o f  the surrounding sedimentary rocks has l e f t  the la c c o l i th s  
and the feeder dikes exposed as prominent buttes and r idges.
The Adel Mountains l i e  a t the southern end o f  the Disturbed B e lt ,  
a zone o f  in te n se ly  fo lded  and fa u lte d  sediments p a ra l le l in g  the 
Front Ranges o f  Montana and A lbe rta  (F ig . 4 ) .  The bend in  the Disturbed 
B e lt  near the northern Big B e lt  Mountains could be in  response to  t ra n s ­
cu rre n t movement along deep-seated fa u l ts  (the Big Snowy lineam ent).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2. Geologic map o f  the Adel Mountain Volcanics. C irc led  area 
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remapped by B e a ll .  (Lyons, 1944; modified by B e a ll ,  1973)
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(From Smith, 1965; modified by Bea ll, 1973).
tn
but i t  is  not c le a r  whether these fa u l t s  played a s ig n i f i c a n t  pa r t  
in  the development o f  the Disturbed B e lt  (Smith, 1965). A series  o f  
west-northwest trend ing  s t ru c tu ra l  lineaments, c o l le c t i v e ly  known as 
the Lewis and Clark Lineaments, are thought to  r e f le c t  deep-seated 
la te ra l  movements in  the c ru s t  o r upper mantle (Smith, 1965).
On a reg iona l sca le , the Adel Mountains igneous center is  a 
subprovince o f  the Central Montana Pétrographie Province defined by 
Larsen (1940). Other igneous centers sca tte red through Central Montana 
from the Canadian border to  Yellowstone National Park are a lso cha rac te r­
ized by e a r ly  T e r t ia ry  a lk a l in e  igneous a c t i v i t y  and an a f f i n i t y  f o r  
the edge o f  the s tab le  craton where i t  is  in te rsec ted  by deep-seated 
lineaments.
Previous Work and Purpose o f  th is  Study
Larsen (1940) recognized the Adel Mountain Volcanics (Larsen's "Area 
west o f  Cascade") as p a r t  o f  the Central Montana Pétrographie Province, 
but based much o f  h is  conclusion on work by Lyons. While conducting 
a reconnaissance study o f  the northern Big B e lt  Mountains, Lyons (1944) 
mapped the Adel Mountains, d e l in e a t in g  the ex ten t o f  the vo lcan ics , 
e s ta b l is h in g  s t ra t ig ra p h y ,  and analyz ing the igneous rocks. Beall 
(1973) continued research on the Adel Mountain vo lcan ics by modeling 
the stresses favorab le  fo r  the form ation o f  the d ike swarm and the 
Three S is te rs  "s to ck " .  Beall (1973) a lso  studied the petrochemical
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
e vo lu t io n  o f  the la rge la c c o l i t h s  to  the north  o f  the study area.
Both o f  these stud ies ra ise  questions which m erit  fu r th e r  in v e s t ig a t io n .
This study pursues questions or ideas suggested in  the works by 
Lyons and B ea ll.  The i n i t i a l  phase o f  research sought to  v e r i f y  the 
suggestion made by Beall (1973, p. 35) th a t  there is  probably not a 
s in g le  magmatic source fo r  a l l  o f  the d ikes. The southwest quarte r 
o f  the Simms Quadrangle was mapped to  determine i f  the dikes p o in t  to  
a source area o ther than the Three S is te rs  " s to c k " . C o ro l la ry  parts 
o f  th is  problem inc lude the determ ination o f  the s ig n if ica n ce  o f  the 
sm aller concentric  a rray  o f  la c c o l i th s  in  the study area (see Fig. 3 ) ,  
nested w i th in  the la rg e r  arc o f  the fo u r  la c c o l i th s  to  the n o r th ;  and 
why these sm alle r la c c o l i th s  are so d i f f e r e n t  in  shape from the s i l l ­
l i k e  forms o f  Square, Shaw, Crown and Cascade Buttes to  the no rth .
The research fu r th e r  attempted to  add p e tro lo g ic  d e ta i l  to  the 
knowledge o f  the igneous rocks o f  the area w ith  the hope o f  e lu c id a t in g  
the o r ig in  o f  potass ium -rich magmas. To determine i f  any compositional 
d i f fe re n ce s  e x is t  among the in t ru s iv e  rocks, I sampled and petrograph- 
i c a l l y  analyzed a l l  o f  the major in t ru s iv e  bodies and dikes in  the 
study area. B i r d ta i l  Butte is  the on ly la c c o l i t h  w ith  a p a r t i a l l y  
exposed c ross-sec tion  and so was the on ly  bu tte  to  be sampled v e r t i c a l l y  
and p e tro g ra p h ic a l ly  analyzed to  determine i f  there  was evidence Of 
c ry s ta l  s e t t l in g .  Determination o f  compositional and te x tu ra l v a r ia t io n s
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in  the d ike  rocks was accomplished by sampling and p e tro g ra p h ica lly  
analyz ing rock along the length o f  the dikes and across the d ikes , 
pe rpend icu lar to  the leng th . A r e la t iv e  order o f  phenocryst c r y s ta l ­
l i z a t io n  was a lso determined by pétrographie study.
Another phase o f  th is  research attempted to  re la te  te x tu ra l 
fea tu res  o f  the northern Adel Mountain dikes to  experimental stud ies 
by B h a tta rc h j i  and Smith (1964) th a t  suggest phenocrysts w i th in  a 
f low in g  magma should 1) become or ien ted w ith  long ax is  p a ra l le l  to
f lo w  d i r e c t io n ,  i f  they are rod-shaped, and 2) should move away from
the w a lls  toward the center o f  the d ike ( f lo w  d i f f e r e n t ia t io n ) .  Rod­
shaped clinopyroxene phenocrysts in  the Adel Mountain Volcanics seem 
to  f i t  the d e s c r ip t io n  o f  c ry s ta ls  which should show these f low  features, 
Considerable e f f o r t  was spent in  the f i e l d  seeking evidence o f  f low  
o r ie n ta t io n  o f  the clinopyroxene phenocrysts and evidence o f  h igher 
phenocryst concentrations in  the d ike cen ters . Possib le explanations 
f o r  the absence o f  f low  fea tu res  during magma f low  and p e r t in e n t ex­
perimental work on f lo w  d i f f e r e n t ia t io n  are discussed.
F in a l ly ,  the general r e la t io n  o f  the Adel Mountain Volcanics to 
the Central Montana Pétrographie Province, based on l i t e r a r y  research, 
is  reviewed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I I  
GENERAL GEOLOGY
The geolog ic map o f  Figure 2 and the in t ru s iv e  rock map o f  
Lyons (1944) (F ig . 5) show the general re la t io n s h ip  o f  the sedimentary, 
e x tru s iv e ,  and in t ru s iv e  rocks o f  the northern Adel Mountains. A 
summary o f  the reg iona l s t ra t ig ra p h y  can be found in  Lyons' study 
(1944) o f  the northern Big B e lt  Mountains. Names o f  the formations 
used here are based on Cobban (1955, p. 107). The thicknesses o f  the 
Cretaceous formations are from w e ll-co re  data obtained from the 
Montana Department o f  Natural Resources and Conservation (John Hug, 
personal communication, 1975). Well holes are represented on Figure 7 
by crosses.
Sedimentary Rocks
Sedimentary rocks o f  the northern Adel Mountains are upper 
Cretaceous sandstones and shales. The rocks, o f  both marine and non­
marine o r ig in ,  conta in  fo s s i ls  and have been co rre la ted  w ith  sedimentary 
formations on the northwest f la n k  o f  the Sweetgrass Arch (F ig . 6 ) .  The 
reg iona l s t ru c tu re  is  a sha llow , southwest-dipping homocline. Some 
fo ld in g ,  as in  the Crown Butte a n t ic l in e  (Erdmann, 1959, p. 189), 
and some shallow th ru s t  fa u l t in g  (Cobban, 1955, p. 139) north o f  the
9
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Figure 5. Geologic map o f  the in t ru s iv e  rocks o f  the Adel 
Mountain Volcanics. (Modified from Lyons, 1944)
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Figure 6. Major s t ru c tu ra l  elements o f  north  ce n tra l Montana 
(from Alpha, 1955).
vo lcan ics  o f  the Adel Mountains probably r e f l e c t  the p ro x im ity  o f  both 
the D isturbed B e lt  o f  the Rocky Mountain Front to  the west and the 
vo lcan ic  p i le  o f  the Adel Mountains to  the south. The lack o f  se d i­
mentary rock outcrops ju s t  north  o f  the vo lcan ic  rock outcrops makes 
e va lu a t io n  o f  the e x te n t o f  te c to n ic  deformation d i f f i c u l t .
The Colorado Shale, Lower Upper Cretaceous, is  the o lde s t se d i­
mentary form ation outcropping north  o f  the vo lcan ic  p i le .  This forma­
t io n  is  a dark gray, f o s s i l i f e r o u s  marine shale w ith  in te rspersed sandy
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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la ye rs . This shale is  465 meters t h ic k ,  and has a d is t in c t iv e  
r h y o l i t i c  t u f f  la ye r  60 meters above the base (Lyons, 1944). The 
Telegraph Creek Formation is  t r a n s i t io n a l  from the Colorado Shale to  
the Eagle Sandstone and cons is ts  o f  a medium gray s a n d y -s i l ty  shale 
w ith  some f in e -g ra in e d  shaly calcareous sandstone. This formation is  
about 100 meters th ic k .  The V irg e l le  Sandstone member o f  the Eagle 
Sandstone is  a 45 meter th ic k  l i g h t  g ray , concre t iona ry , c l i f f - f o r m in g  
sandstone. Cross-bedding and th in  dark brownish layers  o f  f in e -g ra in e d  
magnetite sandstone (Cobban, 1955, p. 107; Erdmann, 1959, p. 161) 
are common in  the upper p a r t  o f  the V irg e l le  Sandstone. The uppermost 
Cretaceous formation in  the area is  the Two Medicine Formation. 
O r ig in a l ly  more than 600 meters, the form ation has been reduced by 
erosion to  less than 270 meters. The Two Medicine Formation is  com­
posed o f  non-marine variegated shales interbedded w ith  cross-bedded 
sandstones and quartz-pebble conglomerate.
The d is t r ib u t io n  o f  the in t ru s iv e  bodies in  the sedimentary rocks 
shows an in te re s t in g  pa tte rn  (see F ig . 3 ). The la rg e r  s i l l - l i k e  
la c c o l i th s  are confined to  the V irg e l le  Sandstone and con tras t sharply 
w ith  the sm alle r steep-s ided in t ru s iv e  bodies in  the Two Medicine 
Formation. This apparent d i f fe re n c e  in  s ty le  o f  in tru s io n  may be due 
to  the g rea te r r i g i d i t y  o f  the V irg e l le  Sandstone compared to  the 
r e la t i v e ly  p la s t ic  shales o f  the Two Medicine Formation (Lyons, 1944).
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Dikes In truded in to  the more r ig id  V irg e l le  Sandstone appear to  have 
been d ive r te d  in to  s i l l s ,  whereas the shales o f  the Two Medicine 
Formation could be pryed apart by in tru d in g  magma to  form wide dikes 
( B i r d ta i l  and Fishback Buttes) o r  mound-like s truc tu re s  (Mt. S u l l iv a n ,  
Haystack, and probably Lionhead B u ttes ). The sm alle r in t ru s iv e  bodies 
might a lso  have formed a t the unconformable contact between the Two 
Medicine Formation and the o ve r ly in g  vo lcan ics .
Erup tive  Rocks
Volcanism in  the Adel Mountains is  thought to  have commenced during 
the Late Cretaceous as evidenced by a th in  r h y o l i t i c  t u f f  la ye r  near 
the base o f  the upper Cretaceous Colorado Shale (Lyons, 1944). The 
vo lcan ic  f low  breccias which comprise the major p ropo rtion  o f  the Adel 
Mountain Volcanics unconformably o v e r l ie  the upper Cretaceous Two Medicine 
Formation. The time o f  the Adel Mountain volcanism, based on the 
r e la t iv e  s t ra t ig ra p h ie  p o s it io n  o f  the vo lcan ic  rocks, is  placed a t 
Late Cretaceous.
The vo lcan ic  p i le  is  more than 900 meters th ic k  and cons is ts  pre­
dominantly o f  z e o l i t iz e d  a lk a l i  ba sa lt  breccia  f low s. Maroonish-brown 
in  c o lo r ,  the breccia flows weather d i f f e r e n t i a l l y ,  leav ing the breccia 
fragments as a rubb ly  surface cover. Breccia fragments range in  s ize 
from several m il l im e te rs  to  nearly  4 meters in  diameter and comprise about 
80 percent o f  the f low s. Most o f  these fragments are coarse-grained
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t ra c h y d o le r i te  (the same in t ru s iv e  rock th a t  forms the dikes and 
la c c o l i t h s ) ,  but f in e r -g ra in e d  rocks are a lso common. The mineralogy 
o f  a l l  components is  s im i la r ,  co n s is t in g  o f  euhedral phenocrysts or 
fragments o f  c linopyroxene, p la g io c la se , and some anorthoclase, which 
a lso occurs lo c a l ly  as anhedral c ry s ta ls .  Magnetite is  ub iqu itous .
Traces o f  qua rtz , b i o t i t e ,  pseudoleucite and a lte re d  o l iv in e  are present 
in  l i t h i c  fragments. V a ria t io ns  in  the te x tu re ,  c o lo r ,  degree o f  
weathering, the type and percentage o f  phenocrysts (Parsons, 1969), and 
the degree o f  z e o l i t i z a t io n  in  the breccia  fragments o f  the Adel 
Mountains cha rac te rize  these deposits as breccia  f low s.
The m atr ix  surrounding the breccia fragments is  exceedingly f in e -  , 
g ra ined. Very f in e  phenocrysts o f  fe ld spa r are u su a lly  the on ly  mineral 
recognizable in  the hematite sta ined m a tr ix .  L o ca lly  the m atr ix  appears 
to  be composed o f  f in e -g ra in e d  broken c ry s ta l fragments.
S i l l s  and flows are q u a n t i ta t iv e ly  minor (B e a l l ,  1973, p. 11), 
but d is t in c t i v e  and conspicuous components o f  the vo lcan ic  p i le .  The 
co lum n ar ly - jo in ted  s i l l  o f  Sku ll Butte is  prom inently  v is ib le  as a 
concordant, l ig h t -c o lo re d  la ye r d ipp ing  7 degrees to  the southeast.
The rocks o f  the Sku ll Butte s i l l  are p o rp h y r i t ic  w ith  phenocrysts o f  
pyroxene (10 pe rcen t),  o l iv in e  (8 p e rcen t),  p lag ioc lase  (20 percent) 
and 1 percent magnetite. The remaining 61 percent o f  the rock is  made 
up o f  a f in e -g ra in e d  m ic r o l i t i c  groundmass o f  fe ld s p a r ,  pyroxene, o l iv in e ,  
and magnetite . Other s i l l - l i k e  layers in  the vo lcan ics rocks are present 
to  the west o f  the study area.
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One th in ,  b r ic k -re d -c o lo re d  la ye r which may be a pa le o -so il 
horizon or po ss ib ly  an a lte re d  ash depos it is  exposed near the top o f  
Telegraph Mountain. This la ye r is  composed o f  fragmental and in t e r ­
s t i t i a l  san id ine , a low percentage o f  ragged pyroxene, p lag io c lase , 
anorthoc lase, magnetite and a trace  o f  hornblende in  a reddish-brown 
h e m a tit ic  m a tr ix .  A few rock fragments are a lso present. D isco lo ra t io n  
and increased s o l id i f i c a t io n  and fragmentation near the top o f  the la ye r 
suggest con trac t metamorphism and d is ru p t io n ,  re s p e c t iv e ly ,  by the 
o ve r ly ing  breccia f low .
S truc tu re  o f  the Volcanic P ile
The breccia flows th a t  form most o f  the vo lcan ic  p i le  are thought 
to  be produced underground by gas expansion. The breccia  is  l e f t  as 
vent f i l l i n g  u n t i l  i t  is  extruded in  th ic k  u n s t ra t i f ie d  deposits c lo s e ly  
associated w ith  the main vo lcan ic  cen ter. The th ickness o f  the breccia 
f low  beds varies from a meter to  a t  le a s t  30 meters (Parsons, 1969), 
and is  cons is ten t w ith  the bedding c h a ra c te r is t ic s  o f  the Adel Mountain 
Volcanics. Steep i n i t i a l  d ips o f  lower beds may in d ic a te  pa rt o f  the 
cone s tru c tu re  (Parsons, 1969, p. 175).
Attempted s t ru c tu ra l  reco ns truc t io n  o f  the vo lcan ic  centers in  
the Adel Mountains through use o f  outcrop a t t i tu d e s  o f  layers w i th in  the 
brecc ia  flows shows on ly  random pa tte rns . A more sub jec tive  impression 
o f  the s t ru c tu re  o f  the vo lcan ic  p i le  can be gained by viewing the canyon 
w a lls  from a d is tance . They convey an impression o f  a vo lcan ic  p i le
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growing from a l te rn a te  sources and various d i re c t io n s .  A sequence o f  
lower layers  d ipp ing a t  a moderate angle, truncated and o ve r la in  by 
much sha llow er-d ipp ing  layers  is  o ften  repeated several times in  an 
exposure. The o v e ra l l  s t ru c tu re  o f  the vo lcan ic  p i le  cons is ts  o f  f iv e  
major northw est-trend ing  a n t ic l in e s  approximately p a ra l le l in g  the 
s t ru c tu ra l  trend o f  the d is tu rbed  b e l t  (Lyons, 1944).
No fa u l t s  in  the vo lcan ic  rocks in  the study area have been 
recognized. The d i f f i c u l t y  in  mapping fa u l ts  was a lso  noted by Lyons 
(1944), and Beall (1973, p. 13) who suggested th a t  recogn it ion  o f  fa u l ts  
is  made more d i f f i c u l t  by the lack o f  marker beds and d is t in c t iv e  
l i t h o lo g ie s .  Beall (1973, p. 13) does mention some lineaments trend ing  
through the vo lcan ic  p i le  th a t  could be f a u l t s .
In t ru s iv e  Rocks
Dikes te rm ina ting  in  la c c o l i t h s ,  stocks and some s i l l s  are the 
predominant forms o f  the in t ru s iv e  phase o f  the Adel Mountain Volcanics. 
These shallow in t ru s io n s ,  as t h e i r  te x tu re  suggests, are t ra c h y d o le r i te ,  
con ta in ing  euhedral phenocrysts o f  c linopyroxene. Z e o l i t iz a t io n  to  
some ex te n t is  common in  almost a l l  o f  the in t ru s iv e  rocks.
In t ru s io n  o f  dikes through the basal sections o f  the vo lcan ic  p i le  
in d ica te s  a r e la t i v e ly  younger age fo r  the in t ru s iv e  rocks. F a u lt in g , 
w h ile  not recognized in  in tru s io n s  surrounded by sedimentary fo rm ations , 
is  noted in  some t ra c h y d o le r i te  and hornblende dikes (Lyons, 1944, p. 455)
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This fa u l t in g  serves to  bracket the time o f  igneous in tru s io n  - -  a f te r  
the volcanism, and p r io r  to  the deformation accompanying the Laramide 
Orogeny,
D ikes. The d ike swarm is  one o f  the most s t r i k in g  features o f  the 
Adel Mountain Volcanics. Dikes ra d ia t in g  from centers w ith in  the vo lcan ic  
p i le  cu t through the vo lcan ic  sequence and the underly ing Upper Cretaceous 
sedimentary form ations. In tru s io n  o f  dikes appears to  be confined to 
the Two Medicine Formation and Colorado Shale. The absence o f  dikes in  
the V irg e l le  Sandstone suggests th a t  the r i g i d i t y  o f  the sandstone forced 
in tru d in g  dikes to  tu rn  and become s i l l s .
The dikes are exposed as prominent ridges th a t  can be fo llowed 
la t e r a l l y  up to  8 k ilom eters  (5 m iles ) in  the Two Medicine Formation and 
up to  21 k ilom eters (13 m iles) in  the Colorado Shale before they t e r ­
minate in  la c c o l i th s  or d ive beneath the sediments. More commonly 
the dikes are sho rte r segments which in  several lo ca t io ns  become h igh- 
angle s i l l s .
The source area fo r  dikes in  the northern Adel Mountains was thought 
to  be the Three S is te rs  "s tock" (Lyons, 1944). This "s tock" is  not a 
stock in  the usual sense, but an area o f  exceedingly dense d ike  concen­
t r a t io n  (B e a ll ,  1973, p. 16). Dike trends o f  the northern Adel Mountains 
in d ic a te  th a t  there is  another source area w i th in  the vo lcan ic  p i le .  
P ro je c t io n  o f  the due North to  N 25°W d ike  trends o f  the study area 
toward an in fe r re d  source suggests th a t  th is  d ike swarm o r ig in a te s  from
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an area about 6.5 km west o f  the Three S is te rs  "s to ck " .  P ro jec tion  
o f  d ikes feeding the la rg e r  la c c o l i th s  to  the north  ind ica tes  th a t  
these la c c o l i th s  may a lso o r ig in a te  from the same source.
The dimensions o f  the ta b u la r  dikes are most accu ra te ly  determined 
where dikes can be fo llowed from the sedimentary rocks in to  the vo lcan ic  
rocks. The exposure o f  one l ig h t - c o lo re d  d ike w ith in  the brownish 
b recc ia  flows reveals sharp in t ru s io n a l con tac ts , a w idth o f  21 meters 
and a d ip  w i th in  20° o f  v e r t i c a l .  Generally dikes in  the sedimentary 
rocks are eroded so th a t  on ly  a w id th  o f  9 to  24 meters can be estimated.
In t ru s io n  o f  dikes has deformed both vo lcan ic  and sedimentary rocks. 
Deformation o f  vo lcan ic  rocks where the th in n e r  dikes "snake through" 
the ex trus ives  appears to  be a consequence o f  mechanical an isotropy 
o f  the ex trus ives  a t  shallow depth (B e a l l ,  1973, p. 17). Dikes in tru d in g  
sedimentary formations appear to  arch the sediments as evidenced by 
the s l i g h t  d ip  o f  sediments away from both sides o f  the d ike . Stoping 
du ring  d ike  in je c t io n  has l e f t  lenses o f  sandstone and shale enclosed 
in  the d ike . D isco lo ra t io n  o f  both the d ike rocks and surrounding 
sediments and m inera log ica l a l te ra t io n  o f  the in t ru s iv e  rock suggests 
th a t  a metasomatic(?) exchange took p lace , w ith  the sediments supply ing 
the water required fo r  the nea r ly  pervasive z e o l i t i z a t io n .
The dikes are a lk a l i  b a s a l t ic  and are p e tro g ra p h ica lly  s im i la r  to  
the rocks o f  the la c c o l i th s .  Elongate phenocrysts o f  d io p s id ic  aug ite
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(o r  s a l i  te )  are the most s t r ik in g  gra ins found in  the in t ru s iv e  rocks.
The presence o f  o l iv in e  o r  b i o t i t e  serves to  d iv id e  o l iv in e -b e a r in g  
rocks from those th a t  are b io t i te -b e a r in g .  The rare  occurrences o f  
these m inera ls together can probably be explained by the b io t i t e  
being a secondary, d iscontinuous reac t ion  rim  around the primary 
o l iv in e .
The map o f  Figure 7 shows th a t  no cons is ten t re la t io n s h ip  e x is ts  
between the b i o t i t e -  and o l iv in e -b e a r in g  d ikes . Both rocks are , 
however, present in  the same d ike , in d ic a t in g  the composite o r ig in  o f  
some d ikes . In je c t io n  o f  the la t e r  phase is  c h a ra c te r is t ic a l ly  along 
one side o f  the d ik e ,  ra th e r  than through the d ike  cen te r.
The r e la t iv e  order o f  in je c t io n  o f  b i o t i t e -  and o l iv in e -b e a r in g  
dikes is  based on a s in g le  f i e l d  occurrence. To the south o f  B i r d ta i l  
B u tte , a s i l l - l i k e  in t ru s io n  o f  o l iv in e -b e a r in g  in t ru s iv e  is  in truded 
by the b io t i te -b e a r in g  feeder d ike  o f  B i r d ta i l  Bu tte . This c ro s s -c u tt in g  
re la t io n s h ip  is  the on ly  evidence found to  suggest th a t  o l iv in e -b e a r in g  
dikes predate the b io t i te -b e a r in g  d ikes.
L a c c o l i th s . Small la c c o l i th s  emplaced along an arc w ith  a radius 
o f  21 k ilom eters in tru d e  the Two Medicine Formation beyond the no rth ­
western edge o f  the vo lcan ic  p i le .  Feeder dikes ta n g e n t ia l ly  in t e r ­
sect each la c c o l i t h .  These steep-sided la c c o l i th s  have an exposed 
th ickness o f  a t le a s t  120 meters and are a l l  less than 800 meters in  
diameter. The lens-shaped in tru s io n s  o f  B i r d ta i l  and Fishback Buttes
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
BIRDTAIL
L IO N H E A D HAYSTACK
0
&
V
□  Biotite-Sea ring Intrusive
Oliv ine-Bearing
Intrusive
V VI Volcanic  Rocks
X WELL HOLES 
FISHBACK
SKULL
BUTTE
©
0 2JU
3 KM
■■I
Figure 7. Geologic map o f  area remapped by author.
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are about 800 meters long and 300 meters wide. Mound-like in tru s io n s  
o f  Haystack and Mt, S u l l iv a n  Buttes are about 400 meters in  diameter. 
Lionhead B u tte ,  eroded in to  a horse-shoe-shaped in t ru s io n  was probably 
o r ig in a l l y  s im i la r  to  the mound-like in t ru s io n s .  No sediments are 
v is ib le  a t  the base o f  these small la c c o l i th s  and i t  is  im possib le , 
because o f  lack o f  ou tc rop , to  prove th a t  sediments once arched over 
these in t ru s io n s .  J o in t in g  is  w e ll-d e f in e d  and has developed normal 
to  the steep sides and normal to  the now-missing ro o f  rocks.
The shape o f  the  small la c c o l i th s  con tras ts  sharply w ith  the s i l l ­
l i k e  la c c o l i th s  to  the north  o f  the study area (F ig . 8 ) .  Crown, Shaw, 
Square, and Cascade Buttes are to p og raph ica lly  prominent in tru s io n s  
s i t t i n g  atop l ig h t - c o lo re d  sandstone. These northernmost la c c o l i th s  
are emplaced in  the lower p a r t  o f  the V irg e l le  sandstone along a 27 
k ilom e te r arc w ith  a rad ius o f  32 k ilom e te rs . Feeder dikes can be 
fo llow ed through the Colorado Shale in to  the lower p a r t  o f  the V irg e l le  
Sandstone where the r i g i d i t y  o f  the sandstone appears to  have forced 
the dikes in to  s i l l - l i k e  in t ru s io n s .
The diameters o f  these la c c o l i th s  range from 1.2 k ilom eters  in  
Crown Butte to 4 k ilom eters  in  Shaw Butte . Most in tru s io n s  are over 
180 meters th ic k  (B e a l l ,  1973, p. 56), The sedimentary base o f  these 
la c c o l i th s  is  v is ib le  and enough remnants o f  an ove r ly in g  c h i l l  zone 
remain to  in d ic a te  an o r ig in a l  domal-shape ro o f (B e a l l ,  1973, p. 56).
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Figure 8. Square Butte . Compare the s 1 1 1 - l ike  form o f  th is  
la c c o l i t h  w ith  the steep-s ided form o f  B i r d ta i l  
Butte shown in  the F ron tisep iece .
The in t ru s iv e  rocks o f  both small and la rge  la c c o l i th s  are 
s im i la r .  Smaller la c c o l i th s  are t ra c h y d o le r i te  w ith  some v a r ia t io n s  
in  composition. Lionhead and B i r d ta i l  B u ttes , the westernmost in ­
t ru s io n s ,  are l ig h t - c o lo re d  t ra c h y d o le r i te  con ta in ing  phenocrysts o f  
d io p s id ic  aug ite  and b i o t i t e  surrounded by a very f in e -g ra in e d  ground- 
mass o f  predominantely anorthoclase la th s .  C av it ies  are f i l l e d  w ith  
z e o l i te s .  Haystack, Fishback and Mt. S u l l iv a n  are dark-co lored 
t ra c h y d o le r i te  w ith  phenocrysts o f  d io p s id ic  a u g i te ,  a l te re d  o l i v in e ,  
and p lag io c lase . The groundmass is  a lso  f in e -g ra in e d ,  composed o f  
coarser anorthoclase m ic ro l i te s  and f in e -g ra in e d  o l iv in e  and p lag ioc lase . 
Z e o l i te s ,  p a r t ic u la r ly  thompsonite, are i n t e r s t i t i a l .  Sampling o f  a 
v e r t ic a l  sec tion  through B i r d ta i l  Butte revealed no evidence o f  c ry s ta l  
s e t t l in g  o r  f lo w  te x tu re s .
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The rocks o f  the la rg e r  la c c o l i th s  are compositional l y  s im i la r  
to  the rocks o f  Haystack and Fishback Buttes. The te x tu re  is  genera lly  
coarse w ith  la rg e r  anorthoclase phenocrysts and d i f f e r s  from the 
p o rp h y r i t ic -a p h a n i t ic  te x tu re  o f  the sm aller in t ru s io n s .
Morphological and dimensional d if fe ren ces  between the la rge  and 
small la c c o l i th s  can begin to  be explained by B e a l l 's  (1973) model 
o f  the form ation o f  the Adel Mountain Volcanics d ike swarm. Beall 
(1973, p. 36) proposed th a t  "the  extension needed in  the country rocks 
to  accommodate such a la rge volume o f  d ike magma was derived not by 
doming o f  rocks over a magma chamber, but by subsidence and th in n in g  
in  the th ic k  sequence o f  r e la t i v e ly  p la s t ic  shale as a consequence o f  
the load pressure exerted on them by a la rge vo lcan ic  cone." This 
suggestion o f  subsidence appears to  be con s is ten t w ith  Lyons' (1944) 
observation th a t  the Adel Mountain Volcanics occupy a s t ru c tu ra l  trough 
a t  r ig h t  angles to  the northwest trend o f  the reg iona l s t ru c tu re .
Figure 9 i l l u s t r a t e s  B e a l l 's  basic hypothesis. The shape o f  the 
base o f  the cone was changed during separate experiments from c i r c u la r  
to  e l l i p t i c a l .  Results showed th a t  an e l l i p t i c a l  base produced a d ike 
swarm along the major ax is  o f  the cone, very s im i la r  to  th a t o f  the Adel 
Mountains. Layers w ith  vary ing s trengths o f  g e la t in  corresponding to 
the s trengths o f  rocks in  the area produced s i l l - l i k e  la c c o l i th s  s im i la r  
to  Crown, Shaw, Square, and Cascade Buttes when in je c te d  w ith  f l u i d  g e la t in ,
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In h is  modeling, Beall was concerned w ith  the form ation o f  the 
d ike  swarm and the la rg e r  la c c o l i th s .  To eva luate  the form ation o f  
small and la rge  la c c o l i th s  a b lock diagram (F ig . 10) showing the re ­
la t io n s h ip s  o f  the in t ru s iv e  rocks to  the sedimentary formations was 
devised.
Dike in t ru s io n  in  the Adel Mountains is  confined to  the Upper 
Cretaceous formations (Lyons, 1955). There fore , in  the b lock diagram, 
on ly  the Upper Cretaceous Colorado Shale, V irg e l le  Sandstone, and Two 
Medicine Formation are represented. The existence o f  a cen tra l magma 
chamber (see Fig. 10) is  not c le a r ly  e s ta b lish e d , bu t a cen tra l magma 
chamber a t  some depth does seem a more a t t r a c t iv e  source than a batho- 
l i t h  underly ing an area o f  2100 square k ilom ete rs  (Lyons, 1944).
VIRGELLE SANDSTONE
TWO MEDICINE FORMATION
COLORADO SHALE
laccol 1 th
dike
5 K M — '
Figure 10. Block diagram showing the re la t io n s h ip  o f  in t ru s iv e  
dikes and la c c o l i th s  to  the sedimentary form ations.
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From study o f  the block diagram, i t  becomes c le a r  th a t  the sheet­
l i k e  feeder dikes o f  the la rge la c c o l i th s  must have been in truded 
in to  the Colorado Shale, probably w ith  a very low upward t r a je c to ry  
( r e fe r  to  Fig. 10 fo r  th is  d iscuss ion ). In te rse c t io n  o f  the dikes 
w ith  the more r ig id  V irg e l le  Sandstone forced the dikes to  form s i l l -  
l i k e  in tru s io n s  ( i . e .  Crown, Shaw, Square and Cascade B u ttes ). Dikes 
in  the Two Medicine Formation must have in truded the s t ra t ig ra p h ie  
horizons above the V irg e l le  Sandstone.
The diagram (F ig . 10) a lso exp la ins why no dikes can be traced con­
t in u o u s ly  from the Two Medicine Formation in to  the Colorado Shale 
(B e a l l ,  1973, p. 18). Dikes in je c te d  from the Two Medicine Formation 
in to  the V irg e l le  sandstone would probably form s i l l s .  I f  in je c te d  
from below the V irg e l le  sandstone, the dikes would be forced in to  s i l l -  
l i k e  in tru s io n s  by the r ig id  sandstone.
A g rea te r depth o f  emplacement o f  the la rg e r  la c c o l i th s  appears to  
exp la in  the coarser groundmass o f  the rocks and to  be cons is ten t w ith  
G. K. G i lb e r t 's  (1877, p. 84) conception o f  la c c o l i t h  form ation. In 
the sm alle r la c c o l i th s  evidence o f  a f in e -g ra in e d  groundmass and 
s t ra t ig ra p h ie  co n s tra in ts  as in d ica ted  in  the b lock diagram suggest 
emplacement a t a shallower depth than the la rg e r  la c c o l i th s .
The cause o f  d ike te rm ina tion  and the formation o f  the sm aller 
la c c o l i t h s  is  not c le a r .  One observation th a t  may be p e r t in e n t is  th a t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
27
II
1 /2 K M
Volcanic f lo w  b recc ia  
T ra ch yd o le r ite  Dike
i.* t, J.i t
Two Medicine Shale 
F igure 11. Formation o f  small la c c o l i t h s .
I .  Dike in te rs e c ts  Two Medicine Formation-Adel 
Mountain Volcanics unconform ity .
I I .  L a c c o l i th  forms by f a u l t in g  the ove r ly in g  
vo lcan ic  b recc ia  f low s .
I I I .  B i r d ta i l  Butte today. Erosion has renoved 
the vo lcan ic  rocks.
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a l l  o f  the  patches o f  vo lcan ic  rock remaining in  the area have a basal 
e le v a t io n  which would be below the tops o f  the la c c o l i th s .  Possib ly 
these " la c c o l i t h s "  are not t ru e  la c c o l i th s  in truded between layers  o f  
sediment, but bodies o f  magma th a t  were in truded between the sediments 
and the base o f  the o ve r ly in g  vo lcan ic  p i le  (see F ig . 11).
Are the small s teep-s ided in t r u s iv e  bodies a c tu a l ly  la c c o l i th s ?
The form known as a la c c o l i t h  (F ig . 12) was f i r s t  recognized in  the 
Henry Mountains o f  Utah by G. K. G i lb e r t  (1877). In h is  in te rp re ta t io n  
o f  the la c c o l i t h ,  G i lb e r t  (1877, p. 55) imagined a toadstool shaped 
in t ru s iv e  to  form between sedimentary laye rs  w ith  the stem representing 
the condu it feeding the body. The ge ne ra lly  f l a t  bottom is  oval in
F igure 12. G. K. G i lb e r t 's  (1877, p. 28) hypo the tica l ideal 
la c c o l i t h .
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o v e ra l l  view and the form is  s im i la r  to  h a l f  o f  a p a r t i a l l y  f la t te n e d  
sphere. The he igh t was never more than 1/3 o f  the w idth and usu a lly  
c lo se r  to  1 /7 . No feeder conduits fo r  the la c c o l i th s  were id e n t i f ie d  
in  the Henry Mountains. G i lb e r t  (1877, p. 20) sta ted th a t  the dikes 
represented below the la c c o l i t h  "are pu re ly  h y p o th e t ic a l,  since they 
cannot be seen. In a general way the molten rock must have come from 
below, but the channel by which i t  came has in  no circumstance been 
determined by ob se rva t ion ."
L a cco liths  in  the Adel Mountains d i f f e r  in  several ways from 
G i lb e r t 's  (1877, p. 84) conception o f  the idea l la c c o l i t h .  The fou r  
la rge  la c c o l i th s  show the more c h a ra c te r is t ic  form o f  a la c c o l i th  w ith  a 
f l a t  bottom and a small he igh t to  diameter r a t io .  The sm alle r la c c o l i th s  
however, are e i th e r  steep-sided in tru s io n s  w ith  a he ight to  diameter 
r a t io  o f  about 3 to  1 in  the case o f  Haystack and Mt. S u ll iva n  o r 
e longate lenses resembling a widened d ike  in  the case o f  Fishback and 
B i r d t a i l  Buttes. The Adel Mountain in tru s iv e s  a re , however, c la s s i f ie d  
by Lyons (1944, p. 459) "as la c c o l i th s  c h ie f ly  on the form o f  the 
ou tc rop , the pétrograph ie cha rac te r o f  the rocks and t h e i r  j o in t i n g . "
The most s ig n i f i c a n t  d e v ia t io n  from G i lb e r t 's  model is  th a t  the 
feeder dikes prom inantly in te rs e c t  most o f  the in t ru s iv e  bodies. More 
im p o r ta n t ly  the la te ra l  dimensions o f  the dikes as well as the modeling 
by Beall (1973) are convincing evidence th a t  magma was in je c te d  la t e r a l l y  
through dikes ra th e r  than v e r t i c a l l y  as imagined by G i lb e r t .
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Though G i lb e r t  (1877, p. 75) perceived th a t  magma coming up from 
below would arch the o ve r ly in g  s t ra ta ,  Johnson and Po lla rd  (1973), 
who have stud ied several la c c o l i th s  o f  the Henry Mountains, suggest th a t  
the in je c te d  magma spread out l a t e r a l l y  as a th ic k  sheet or s i l l  u n t i l
i t  gained s u f f i c ie n t  leverage to  f ra c tu re  the overburden near i t s
pe riphe ry . The overburden would then be l i f t e d  and the in tru s io n  
th ickened to  become la c c o l i t h s .  The on ly  problem in  r e la t in g  the i n ­
t ru s io n a l process proposed by Johnson and P o lla rd  (1973) to  the Adel 
Mountain la c c o l i th s  might be the a p p l ic a t io n  o f  la te ra l  fo rce  o f  the in ­
t ru d in g  magma to  a th e o re t ic a l  model re q u ir in g  a v e r t ic a l  d r iv in g  fo rce  
to  l i f t  the o ve r ly in g  s t ra ta .
G i lb e r t  (1877, p. 80) observed in  the Henry Mountains th a t  there 
are no la c c o l i th s  w ith  diameters o f  less than 0.8 k ilom e te rs . His ex­
p lan a t io n  f o r  th is  p e c u l ia r i t y  requ ires  ana lys is  o f  the th e o re t ic a l 
fo rm ation  o f  a la c c o l i t h .  The form ation o f  the la c c o l i t h  could be 
imagined to  be a c y l in d e r  o f  u p l i f t e d  rock bounded by a c y l in d r ic a l  
f a u l t ,  w ith  the c y l in d e r  o f  rock (F ig . 13) pushed upward by the magma 
(G i lb e r t ,  1877, p. 81-85). The d r iv in g  fo rce  caused by the magma pressure 
is  p ro p o rt io n a l to  the area o f  the end o f  the c y l in d e r ,  so th a t  i t  is  
p ro p o r t io n a l to  the square o f  the rad iu s . The re s is t in g  fo rce  is  pro­
p o r t io n a l to  the surface area o f  the sides o f  the c y l in d e r ,  so i t  is
p ro p o r t io n a l to  the rad ius . The d r iv in g  fo rce  decreases more ra p id ly  
than the r e s is t in g  fo rce  w ith  a decrease in  the rad iu s . For a given
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magmatic pressure there  i s ,  th e re fo re ,  a l im i t in g  rad ius above which 
the magma can l i f t  i t s  overburden and below which the magma cannot.
Thus G i lb e r t  reasoned {1877, p. 83) th a t  small la c c o l i th s  can not form.
This exp lana tion  assumes the overburden deforms e la s t i c a l l y ,  
a c o n d it io n  which is  not complete ly a p p lica b le  to  the actua l s i tu a t io n  
s ince rocks can w iths tand very l i t t l e  f le x in g  w ith o u t breaking (Johnson, 
1970). Johnson and P o lla rd  (1973) p o in t  out th a t  the overburden f a i l s  
by shearing along the c y l in d r ic a l  f a u l t s  o r by d ik in g  near the periphery 
and conclude th a t  any in t ru s iv e  body which would be c a l le d  a la c c o l i th  
ra th e r  than a s i l l  has nea r ly  always deformed i t s  overburden in e la s t ic a l ly .
F igure 13. Block diagram i l l u s t r a t i n g  th a t  the form ation o f  a 
la c c o l i t h  causes a c y l in d r ic a l  b lock o f  o ve r ly ing  
layers  to  move upward.
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What are the small steep-sided in tru s iv e s  o f  the Adel Mountains 
to  be ca lled?  Possib ly the small in tru s io n s  o f  the Adel Mountains are 
in t ru s io n s  which caused extreme deformation o f  a r e la t iv e ly  th in  over­
burden o f  incompetent shales o r were in truded between the sediments 
and o ve r ly in g  vo lcan ics .
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CHAPTER I I I  
PETROGRAPHY OF THE INTRUSIVE ROCKS
Lyons (1944) described most o f  the rock types o f  the Adel 
Mountains. His d e s c r ip t io n s ,  however, do not in d ic a te  the composi­
t io n a l  d i f fe re n c e  o f  the dikes and la c c o l i th s  o f  t h is  study area.
D escrip tions o f  the composition, m ineralogy, and tex tu re  reported 
here are based on in v e s t ig a t io n  by pétrographie microscopy and hand- 
specimen id e n t i f i c a t io n .  Mineral percentages are v isua l approximations 
w ith  some p o in t counts fo r  v e r i f i c a t io n  o f  accuracy.
The c la s s i f ic a t io n  o f  a lk a l in e  rock is  o ften  ambiguous. For 
s im p l ic i t y ,  the a lk a l in e  rock names used in  th is  paper w i l l  fo l lo w  
the c la s s i f ic a t io n  found in  Sorensen (The A lk a l in e  Rocks, 1974, p. 70).
General D escrip tion  and D is t r ib u t io n
The igneous rocks o f  the Adel Mountains are ge ne ra lly  c la s s i f ie d  as 
a l k a l i  b a sa lts .  Composed o f  o l i v in e ,  Ca-rich c linopyroxene, p lag ioc lase  
(more c a lc ic  than An^^) and opaque ox ides, a l l  the rocks are s i l i c a  
undersaturated. Fe ldspathoids, in  p a r t ic u la r  analcime, i f  present, 
have on ly  accessory s ta tu s .
The major in t ru s iv e  phase o f  the northern Adel Mountains is  a 
s l i g h t l y  a l k a l i - r i c h  t ra c h y d o le r i te  (F ig . 14 and Table 1 ) ,  an a lk a l i  
b a sa lt  defined by an a lk a l i  fe ld sp a r content o f  10 to  40 percent o f  the
33
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Table 1.
BIOTITE-BEARING*
TRACHYDOLERITE
OLIVINE-BEARING**
TRACHYDOLERITE
Phenocrysts + Phenocrysts +
Phenocrysts Groundmass Phenocrysts Groundmass
Pyroxene 12.3% 16.1% 11.7% 16.9%
O liv in e 6.7 11.1
B io t i t e 2.6 6.9
P lag ioc lase 17.2 19.4 18.8 28.7
Anorthoclase 35.2 29.2
M agne tite /A pa tite  2.8 5.5 2.0 4.9
Z e o lite s 17.4 9.6
M a tr ix * * * 67.6 62.0
Tota l 102.5% 100.5% 101.2% 100.4%
* Average percentages based on 17 samples 
* *  Average percentages based on 14 samples
***The m atr ix  is  very f in e  grained anorthoclase and p lag ioc lase . Because 
o f  the d i f f i c u l t y  in  d is t in g u is h in g  these two m inera ls in  th in  se c t io n , 
the percentages in  the "Phenocrysts + Groundmass" column are a t  best 
approx im ations.
ALKALI
FELDSPAR
QUARTZ
PLAGIOCLASE
— b io t i te -b e a r in g  
tra ch yd o le r i te
FELDSPATHOIDS
Figure 14.
X  — o l iv in e -b e a r in g  
t ra c h y d o le r i te  
Double t r ia n g u la r  diagram showing the rep resen ta tive  
compositions o f  the a l k a l i - r i c h  t ra c h y d o le r i te  o f  the 
northern Adel Mountain Volcanics.
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t o ta l  fe ld sp a r  present and by fe ldspa tho ids  comprising less than 
10 percent o f  the rock (W ilk inson , 1974). The rocks are p o rp h y r i t ic  
w ith  phenocrysts o f  d io p s id ic  a u g ite ,  p lag ioc lase  along w ith  e i th e r  
b i o t i t e  o r  o l iv in e .  Accessory magnetite associated w ith  c ry s ta ls  o f  
a p a t i te  is  common. Phenocrysts are surrounded by a f in e -g ra in e d  ground­
mass composed o f  anorthoclase la th s  and f lake s  o f  magnetite w ith  some 
p la g io c la se ,  pyroxene, b i o t i t e  o r  o l i v in e ,  and very ra re ly  analcime. 
F e ls ic  veins s im i la r  to  those described by Beall (1973, 1972) in  the 
la rg e r  la c c o l i th s  are composed predominantly o f  anorthoclase la th s  
and re g u la r ly  cut the d ike  rocks o f  the eastern p a r t  o f  the study area.
In h is  o r ig in a l  reconnaissance study Lyons (1944) described the 
in t ru s iv e  rocks w i th in  the study area as homogeneous syenogabbros. 
Systematic sampling o f  the dikes and la c c o l i th s  and d e ta i le d  p é tro ­
graphie study reveal th a t  the t ra c h y d o le r i tes (syenogabbros) are o f  
two v a r ie t ie s :  one o l iv in e -b e a r in g  and the o ther b io t i te -b e a r in g .
O liv in e -b e a r in g  rocks are dark gray and t y p ic a l l y  conta in 3-10 
percent o l iv in e  which va r ies  from nearly  fresh  to  completely a l te re d .
Sub- to  euhedral phenocrysts are common, w ith  f in e r -g ra in e d  a lte re d  
o l iv in e  present as p a rt  o f  the groundmass. The o v e ra l l  te x tu re  is  
u s u a l ly  less a lte re d  and more d i s t i n c t  than in  the b io t i te -b e a r in g  
rocks (F ig . 15).
Rocks w ith  b i o t i t e  phenocrysts (3-5 percent) are a medium green ish- 
gray. The phenocrysts are euhedra l, s l i g h t l y  elongate la th s  w ith  rounded
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s a i l  te  
magnet!te 
p lag ioc lase
s a l i  te
l i v in e
F igure 15. O liv in e -b e a r in g  t ra c h y d o le r i te .  Groundmass anorthoclase 
and p lag ioc lase  la th s  are s l i g h t l y  coarser than in  
b io t i te -b e a r in g  v a r ie ty  (see Figure 20).
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corners. B io t i t e  in  the m atr ix  appears as very f in e  la th s ,  which 
w ith  the anorthoclase la th s ,  sometimes de fine  a f lo w  f o l i a t io n .
Only a few in t ru s iv e  bodies conta in  both o l iv in e  and b io t i t e .
In these occurrences the h ig h ly -a l te re d  o l iv in e  and the corroded-looking 
b i o t i t e  are in t im a te ly  associa ted, lead ing to  the conclusion th a t  the 
b i o t i t e  may be a d iscontinuous rea c t ion  r im  around the o l iv in e  (see, 
fo r  example, W ilk inson, 1974). This reac t ion  could a lso exp la in  why 
f in e  r e l i c t  o l iv in e  gra ins  in  the i n t e r s t i t i a l  m a tr ix  are s l i g h t l y  
p leoch ro ic . The b io t i t e  and o l iv in e  v o lu m e tr ic a l ly  form on ly  about '
5 percent o f  the rock.
The map o f  the b i o t i t e -  and o l iv in e -b e a r in g  in tru s iv e s  in  Figure 7, 
d isc loses  no pa tte rn  to  the d is t r ib u t io n .  The two small la c c o l i th s  to  
the west are b io t i te -b e a r in g  whereas those to  the east and Mt. S u ll iva n  
are o l iv in e  bearing. I t  is  in te re s t in g  to  note th a t  though Mt. S u ll iva n  
and Lionhead Butte appear to  o r ig in a te  from the same d ike  (see Lyons, 
p. 459), the buttes are o f  two d i f f e r e n t  compositions. Both rock types 
are found together w i th in  several d ike s , con firm ing the composite o r ig in  
o f  some d ikes .
The s ig n if ic a n c e  and im p lic a t io n s  o f  o l i v in e -  and b io t i te -b e a r in g  
rock to  the paragenesis o f  the in t ru s iv e  rocks have not been e n t i r e ly  
es ta b lish e d . The s in g le  f i e l d  occurrence by a b io t i te -b e a r in g  d ike 
c u t t in g  through the s i l l - l i k e  in t ru s io n  to  the south o f  B i r d ta i l  Butte 
in d ica te s  the in t ru s io n  o f  b io t i te -b e a r in g  magma must have fo llowed
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the in t ru s io n  o f  o l iv in e  magma. The in c lu s io n  o f  both o l iv in e  and 
b i o t i t e  gra ins w i th in  the pyroxeme phenocrysts suggests th a t  both 
m inera ls  formed o r were incorporated in to  the magma p r io r  to pyroxene 
c r y s ta l l i z a t io n .
D e sc r ip t ive  Mineralogy
Pyroxene phenocrysts are the most conspicuous mineral in  the 
t ra c h y d o le r i te .  Dark green to  black in  handspecimen, the phenocrysts 
are euhedra l, r o d - l ik e  c ry s ta ls  th a t  are up to  1.2 cm long w ith  diameters 
up to  0.4 cm. In th in  section clinopyroxene is  l i g h t  green and ra re ly  
l i g h t  brown. A green c o lo r ,  probably in d ic a t in g  a s l i g h t l y  enriched 
iro n  concen tra tion  (H e ind rich , 1965, p. 216), is  unusual in  a lk a l i  
b a s a l t ic  rocks which more conmonly show the l i l a c  to  p u rp l is h  co lo rs  o f  
a h igher t i ta n iu m  content (H e in r ich , 1965, p. 216; W ilk inson , 1974).
Sector and f in e  o s c i l la t o r y  zoning (Downes, 1974) are o fte n  w e l l -  
developed in  the clinopyroxene phenocrysts (F ig . 16). Hour-glass 
s t ru c tu re s ,  which are re p o r te d ly  common in  undersaturated rocks (S trong, 
1969) are not presen t, o r  a t le a s t  were no t recognized. Zonation o f  
in c lu s io n s ,  e s p e c ia l ly  a p a t i te ,  b i o t i t e ,  and o l iv in e  gra ins gives some 
phenocrysts a s ie v e - l ik e  appearance and in d ica tes  th a t  clinopyroxene 
must be one o f  the la te r  phenocrysts to  c r y s ta l l i z e .
C lus ters  o f  euhedral phenocrysts are o ften  jo in ed  by complex twins 
(F ig . 17). The deep penetra tion  o f  hour-glass-shaped in te rgrow ths
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F igure 16. Sector and f in e  o s c i l la t o r y  zoning in  s a l i  te  
phenocrysts.
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Figure 17. Complex in te rg row ths  o f  c linopyroxene phenocrysts.
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in d ica te s  th a t  phenocrysts must have come in to  contact e a r ly  in  t h e i r  
growth. Magma turbulence may have promoted the contact (Vance, 1969) 
o f  phenocrysts and the c rea t ion  o f  the c lu s te rs .  L o ca l ly  phenocrysts 
o f  b i o t i t e ,  p la g io c la se , o r o l iv in e  are Included in  the pyroxene 
c lu s te rs .  More r a r e ly ,  f in e  o l iv in e  c ry s ta ls  mantle the pyroxene 
phenocrysts (F ig . 18).
The in te r io r s  o f  the phenocrysts are in  some cases completely 
shatte red (and removed during the making o f  the th in  s e c t io n ) .  Some 
f ra c tu re s  w i th in  the phenocrysts are f i l l e d  w ith  c a lc i t e ;  near the 
sedimentary country -rock  con tac ts , the phenocrysts are commonly com­
p le te ly  replaced by c a lc i t e .
The pyroxene is  o f  s a l i  te  composition (Ca^g Mg^^ Fe^g g* 
B e a ll ,  1973, p. 58), having a 2V o f  56-60® and an average 2AC o f  
42 . Chemically and o p t ic a l ly  the s a l i  te  is  c h a ra c te r is t ic  o f  the 
chi nopyroxenes seen in  o the r subprovinces in  cen tra l Montana (P irsson, 
1905; W itk ind , 1969). This suggests th a t  the clinopyroxenes throughout 
the in t ru s iv e  rocks o f  cen tra l Montana have a common o r ig in .
P lag ioc lase occurs as euhedral phenocrysts ranging from the size 
o f  the groundmass to  about 6 mm. G lom eroporphyrit ic  tex tu re  is  common 
w ith  phenocrysts jo in e d  by pene tra tion  and synneusis tw ins. Some 
zonation is  v is ib le  in  th in  se c t io n , but An contents could not be 
determined on both in t e r io r  and e x te r io r  zones. Rims o f  anorthoclase.
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F igure 18. Clinopyroxene phenocrysts mantled by 
o l i v in e  c ry s ta ls .
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recognized by uneven e x t in c t io n  (moire^ e f fe c t )  (H e in r ich , 1965, 
p. 347) surround some p lag ioc lase g ra ins . A few p lag ioc lase c ry s ta ls  
fresh  enough to  y ie ld  An contents revealed la b ra d o r ite  composition
( Z , XaOIO and XaOOI). Most p lag ioc lase  remains on ly  as the 
r e l i c t  o u t l in e s  o f  euhedral phenocrysts. The in te r io r s  are considerably 
a l te re d  to  z e o l i te s ,  p a r t ic u la r ly  thompsonite, as well as c a lc i t e ,  
very f in e -g ra in e d  greenish ep ido te , and an u n id e n t i f ia b le  is o t ro p ic  
m inera l.
Laths o f  b i o t i t e  are euhedral w ith  rounded corners. They e x is t  
as phenocrysts and are o ften  adjo ined to  the e x te r io r  o f  pyroxene 
phenocrysts. Pleochroism w ith  x = b u f f  and z = reddish-brown is  common, 
though few p leochro ic  green la th s  are seen lo c a l ly .  Deformation i n ­
d ica ted  by k ink ing  is  present in  a few la th s .
Rare b i o t i t e  gra ins w ith  qu a rtz (? ) in te r le ave d  between the mineral 
layers  and x e n o l i th ic  fragments suggest th a t  the b io t i t e  may a lso  be 
xenocrys t ic  in  o r ig in .  P h i lp o t ts  (1974, p. 307) described a s im i la r  
occurrence o f  b io t i t e  phenocrysts in  an a ln b i te  from the Monteregian 
Province, Quebec, and suggested th a t  the b i o t i t e ,  which may be 
xe n o c rys t ic ,  could be derived from the p a r t ia l  m e lting  o f  a b i o t i t e  
p e r id o t i t e .  In the Adel Mountains, p a r t ia l  m e lt ing  o f  b io t i t e  
py ro xe n ite ,  which is  included in  some in t ru s iv e s  w i th in  the Three S is te rs  
"s tock" (Lyons, p. 461), poss ib ly  gave r is e  to  b io t i t e  "phenocrysts"
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(a c tu a l ly  xenocrysts) now seen in  the in tru s iv e s  o f  the northern Adel 
Mountains. Another a l te rn a t iv e  is  th a t  b io t i t e  c r y s ta l l iz e d  r e la t i v e ly  
e a r ly  in  the potass ium -rich magma, as suggested by the in c lu s io n  o f  
b i o t i t e  phenocrysts in  many pyroxene phenocrysts.
01iv in e  is  present as subhedral and euhedral phenocrysts which 
are commonly a l te re d  to  a drab p leochro ic  o l iv e  green b o w lin g ite (? )  
in  the g ra in  in te r io r s  o r a brownish red id d in g s ite  along f ra c tu re s .  
Discontinuous rea c t ion  rims o f  b io t i t e  surround some o l iv in e  pheno­
c ry s ts .  The o l iv in e  phenocrysts, as la rge as 5 mm in  diameter, o ften  
form g lom eroporphyr it ic  c lu s te rs  o r  are r iim ed by g ranu la r coronas 
o f  pyroxene phenocrysts. Rarely f in e  o l iv in e  gra ins surround the ex­
t e r io r  o f  pyroxene phenocrysts.
The o l iv in e  composition as determined by Lyons (1944, p. 461)
is  high in  i r o n ,  con ta in ing  25 to  49 percent f a y l i t e .  W ilk inson (1974,
p. 72) notes th a t  in  a lk a l i  basa lts  the o l iv in e  composition ranges
from Fa__ to  Fa__. The h igher iro n  content o f  the Adel Mountains 
cU Jo
o l iv in e  could be the r e s u l t  o f  a more evolved f ra c t io n a t io n  process. 
Since the c r y s ta l l i z a t io n  trend o f  o l iv in e  is  c o n tro l le d  by low pressure 
f r a c t io n a t io n  o f  a lk a l i  b a s a l t ic  magmas, a decrease in  temperature 
as f r a c t io n a t io n  progresses would r e s u l t  in  the enrichment o f  f a y a l i t e  
(see W ilk inson , 1974).
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Magnetite is  a ub iqu itous accessory mineral in  the igneous rocks 
o f  the Adel Mountains. Though there is  no chemical ana lys is  o f  the 
m agnetite , pétrographie evidence o f  magnetite and the low t i ta n iu m  
content o f  the rocks (B e a l l ,  1973, p. 65) leads me to  the conclusion 
th a t  the t i ta n iu m  content is  not high enough to  q u a l i fy  the mineral 
as i lm e n ite  o r t i tanom agne tite . This conclusion is  a lso cons is ten t 
w ith  the lack o f  high t i ta n iu m  c h a ra c te r is t ic s  ( i . e . ,  purple co lo rs )  
seen in  the c linopyroxene.
The magnetite gra ins are cub ic , i r r e g u la r ly  b locky , and are as 
la rge  as many o f  the o th e r phenocrysts (about 5 mm). A p a t ite  c ry s ta ls  
which are a lso a common accessory, are o ften  engulfed o r  p a r t i a l l y  
enclosed by the magnetite gra ins (F ig , 19). These euhedral c r y s ta ls ,  
are c h a r a c te r is t ic a l ly  less than 0.5 mm long.
Such a constant assoc ia tion  o f  these two m inerals throughout the 
in t ru s iv e  rocks suggests t h e i r  c r y s ta l l i z a t io n  may have resu lted  from 
the im m is c ib i l i t y  o f  the two phases, a cond it ion  which may be enhanced 
by a high Na content in  the magma (P h i lp o t ts ,  1967). A s im i la r  invnis- 
c i b i l i t y  o f  a p a t i te  and magnetite is  a t t r ib u te d  to  the formation o f  
a p a t i te  and magnetite rocks associated w ith  some carbonatites  ( i . e . ,  
Palabora, T ra n s v a l l) .  The l ik e l ih o o d  o f  a c a rb o n a t i te ,  as ye t  un­
d iscovered , in  the Adel Mountains is  discussed in  the fo l lo w in g  section 
The m ic r o l i t i c  groundmass surrounding the phenocrysts and com­
p r is in g  70 to  80 percent o f  most in t ru s iv e  rocks is  composed o f
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F igure 19. Magnetite blebs w ith  embedded a p a t i te  c ry s ta ls  
S a l i te  phenocryst shows zonal arrangement o f  
a p a t i te  and b io t i t e  in c lu s io n s .
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anorthoclase and magnetite w ith  some p la g io c la se , e i th e r  b io t i t e  o r 
a l te re d  o l i v in e ,  c linopyroxene, fuzzy brownish glass and minor 
anaclime. Anorthoclase which commonly forms sp ind ly  euhedral and 
b locky subhedral la th s  makes up most o f  the groundmass. Anorthoclase 
is  d i f f i c u l t  to  id e n t i f y  because i t  is  so f in e -g ra in e d ;  however, 
uneven e x t in c t io n  in  the groundmass anorthoclase as w e ll as in  the rims 
surrounding the p lag ioc lase  phenocrysts do help to  d is t in g u is h  th is  
m inera l.
Magnetite in  the groundmass is  always present as very f in e  cubes 
or very f in e  f la k e s .  Fine s p l in te rs  o f  b io t i t e  and pyroxene w ith  the 
anorthoclase la th s  de lin e a te  f lo w  s tru c tu re s .  I n t e r s t i t i a l  to  the f in e ­
grained groundmass and z e o l i te s  is  a brownish, s l i g h t l y  is o tro p ic  
glass which gives the m a tr ix  an o ve ra l l  tu rb id  appearance.
Z e o li te s  are present throughout the igneous rocks o f  the Adel 
Mountains. They occur as c a v i ty  f i l l i n g ,  mineral replacements, and as 
i n t e r s t i t i a l  f i l l i n g  between groundmass m inera ls . Common z e o l i te s  are 
thompsonite, s c o le c i te ,  a n a lc i te {? ) ,  chabaz ite(? ) and poss ib ly  
p h i l l i p s i t e ( ? ) .  Many o th e r z e o l i te s  are presen t, but id e n t i f i c a t io n  
o f  these m inera ls was not poss ib le  using a pétrographie microscope. 
C a lc ite  is  a lso nearly  always associated w ith  the z e o l i te s .
A p a tte rn  f o r  the in tense z e o l i t i z a t io n  seen in  the rocks o f  the 
Adel Mountains is  s t i l l  not es tab lished . Lyons (1944, p. 464) noted
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th a t  z e o l i t i z a t io n  seemed to  be the grea tes t where the rocks were h ig h ly  
f ra c tu re d  o r  h ig h ly  porous. I a lso  concluded th a t  in  the study area no 
z e o l i t i z a t io n  p a tte rn  e x is te d ,  but observed th a t  th in n e r  dikes conta in 
more z e o l i te s  than the th ic k e r  la c c o l i th s .  Beall (1973, p. 61), 
however, re la te s  the abundance o f  z e o l i te s  to  the dark and l i g h t  la ye r in g  
phenomenon o f  Square,Shaw, Crown, and Cascade Buttes. He (B e a ll ,  1973, 
p. 51) concluded from h is  study th a t  in tense z e o l i t i z a t io n  was caused 
by the movement o f  v o la t i le s  (mainly water) in to  the upper p a r t  o f  each 
la y e r  fo l lo w in g  each magma in je c t io n .
Comparative chemical ana lys is  o f  z e o l i t iz e d  and u n ze o li t ize d  rocks 
by Lyons (1944, p. 464) and Beall (1973, p. 63) show l i t t l e  chemical 
changes resu lted  from the z e o l i t i z a t io n .  The a d d it io n  o f  some water 
(Lyons, 1944; B e a ll ,  1973) and the o x ida tion  o f  some iro n  (Lyons, 1974) 
were the ex ten t o f  chemical changes. The source o f  water added could 
be magmatic, as Beall (1973) concluded to  exp la in  the la ye r in g  phenom­
enon, o r ground water, o r  as Lyons (1944) suggests, a combination o f  
both.
A Possib le Carbonatite  in  the Adel Mountains?
The occurrence o f  ap a tite -m agne tite  blobs throughout the trach y - 
d o le r i t i c  d ike  rocks o f  the northern Adel Mountains suggests a poss ib le  
r e la t io n s h ip  to apa tite -m agne tite  ca rb on a tite  rocks. Association o f  a 
c a rb o n a t ite  complex w ith  the Adel Mountains would not be e x tra o rd ina ry  
s ince 13 (37 percent) o f  the 35 major a lk a l in e  lo c a l i t i e s  are known to
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have ca rbona tites  (H e in r ich , 1966. p. 27). The o r ig in  o f  carbonatites  
is  a lso in e x t r ic a b ly  interwoven w ith  th a t  o f  a lk a l in e  igneous rocks 
and th a t  w h ile  many a lk a l in e  complexes lack a ca rbona tite  member, on ly  
a few ca rbona tites  are not obviously  re la te d  to  a lk a l in e  rocks.
Magnetite and a p a t i te  are described by He inrich  (1966, p. 157) 
as the "most ub iqu itous o f  the n o n -s i l ic a te s  and probably the most 
wide-spread o f  a l l  accessory species" associated w ith  ca rbona tites .
In the in t ru s iv e s  o f  the Adel Mountain Vo lcan ics , the blebs o f  a p a t i te  
and magnetite are pervasive, v o lu m e tr ic a l ly  comprising 3 to 5 percent 
o f  the t ra c h y d o le r i te .  The euhedral c ry s ta ls  o f  a p a t i te  are most 
commonly embedded in  the b locky, irregu la r-shaped magnetite c ry s ta ls ,  
but are a lso present in  the groundmass and as in c lu s ion s  in  the 
c linopyroxene phenocrysts (F ig . 19). The in t im a te  assoc ia tion  o f  the 
a p a t i te  magnetite bleds may be caused by the im m is c ib i l i t y  o f  the a p a t i te  
and magnetite phases (P h i lp o t ts ,  1967) in  an a lk a l in e  magma.
C a lc ite  in  the in t ru s iv e  rocks o f  the northern Adel Mountains is  
co n s ta n t ly  associated w ith  z e o l i te s  and appears to  be secondary. In 
o the r areas in  Central Montana, c a lc i t e  in  the igneous rocks has led 
to  the d iscovery  o f  a ca rb o n a t ite  complex, as in  the Bearpaw Mountains, 
o r  suggestions th a t  a ca rb o n a t ite  may be c lo s e ly  re la te d ,  but as ye t un­
d iscovered , as in  the Highwood Mountains. Woods (1974, p. 33) in  a 
study o f  te x tu ra l  and geochemical fea tu res o f  the Highwood Mountains
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described c a lc i te  " in  primary s i l i c a t e  globules which have te x tu ra l 
fea tu res  o f  im m iscib le d ro p le ts . "  He concluded th a t  s i l i c a t e  immis­
c i b i l i t y  should be considered in  dea ling  w ith  the o r ig in  o f  a lk a l in e  
rocks.
G enera lly , the rocks c lo s e ly  associated w ith  the ca rb o n a t ite s , a 
s u b d iv is io n  o f  nepheline syen ite  (m ia s c it ic  branch), are s im i la r  
m in e ra lo g ic a l ly  to  the in t ru s iv e  rocks o f  the northern Adel Mountains. 
Notable d if fe re n ce s  are the presence o f  in te rm ed ia te  p lag ioc lase 
( la b ra d o r i te )  and the absence in  the rocks o f  the Adel Mountains o f  
hornblende (except in  a hornblende monzonite described by Lyons, 1944), 
nepheline and c a n c r in i te ,  and the accessory minerals sphene, r u t i l e ,  
z irc o n ,  and pyroch lore .
A c lo se r examination o f  the non-ca rbona tite  a lk a l in e  dikes in tru d in g  
many c a rb o n a t i t ic  complexes reveals on ly  a few instances o f  dikes extending 
10 to  12 m iles from the ca rb o n a t ite  cen ter (McClure Mountain complex, 
Colorado; see also Chishanya, Southern Rhodesia and A lnô, Sweden). Com­
p o s it io n a l l y ,  the d ike  rocks are o fte n  represented by la rg e r  rock u n its  
o f  the c a rb o n a t i t ic  " r in g "  (H e in r ich , 1966, p. 56). Trachyte, the most 
common l ig h t - c o lo re d ,  fe ld s p a th o id - f re e  a lk a l in e  d ike  rock is  probably 
co m p o s it io n a lly  equ iva len t to  the s y e n i t ic  r in g  o f  the ca rbona tite  complex. 
C lose ly  associated w ith  the syen ite  r in g  are nepheline syenites and o ther 
fo id a l  rocks ( fo r  example A lno, Sweden; Fen, Norway; Bearpaw Mountains,
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Montana). Rocks bearing nepheline o r  o ther fo id s  are so fa r  unknown 
in  the Adel Mountains and th is  absence appears to  support the c la im  
th a t  these complexes ra re ly  have associated carbonatites  (H e in r ich ,
1966, p. 49).
The most serious doubt as to  the l ik e l ih o o d  o f  a ca rb on a tite  in  the 
Adel Mountains is  cast by H e in r ich 's  (1966, p. 65) observation th a t  
"g e n e ra l ly ,  ca rb on a tite  complexes are d is t ing u ishe d  by a near absence 
o f  rocks th a t  conta in  essen tia l amounts o f  c a lc ic  and in te rm edia te  
p la g io c la s e ."  The in t ru s iv e  rocks o f  the northern Adel Mountains conta in 
10 to  25 percent p lag ioc lase  phenocrysts o f  in te rm ed ia te  composition 
(Angg)- More c a lc ic  p lag ioc lase  v a r ie t ie s  are present in  several o ther 
rock types described by Lyons (1944, p. 461).
Texture
The te x tu re  is  dominated by c lu s te rs  o f  coarse, euhedral pheno­
c ry s ts  o f  pyroxene. B io t i t e  o r  o l iv in e  and r e l i c t  p lag ioc lase 
phenocrysts are a lso lo c a l ly  included in  the c ry s ta l  c lu s te rs .  P lag io ­
c lase phenocrysts are a ligned i f  any f low  l in e a t io n  e x is ts .  Blocky 
magnetite w ith  a p a t i te  c ry s ta ls  occurs as inc lus ions  in  pyroxene 
phenocrysts and as la rge  descrete blebs.
Phenocrysts and m ag ne t ite /a p a t ite  "b lebs" are surrounded by a 
m ic r o l i t i c  anorthoclase m a tr ix .  The euhedral to  subhedral anorthoclase 
la th s  are s l i g h t l y  coarser-gra ined in  the in tru s io n s  o f  Haystack,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
Fishback, and the s i l l - l i k e  body south o f  B i r d ta i l  Butte. Also they 
g e n e ra l ly  lack any in d ic a t io n  o f  f low . A second generation o f  small 
cubes o f  magnetite is  nearly  un iversa l in  the groundmass. F ine-grained 
b i o t i t e ,  o l i v in e ,  and pyroxene are common, but vary from in tru s io n  to  
in t ru s io n .  The f in e -g ra in e d  m a tr ix  m inerals are o ften  surrounded by 
o r have i n t e r s t i t i a l  f i l l i n g s  o f  z e o l i te s  and ap ha n it ic  brownish g lass.
Flow l in e a t io n ,  i f  presen t, is  ind ica ted  in  the groundmass by the 
p a ra l le l  arrangement o f  anorthoclase and p lag ioc lase  la th s  and ground­
mass pyroxene c ry s ta ls .  The l in e a t io n  varies  from vague to  very d e f in i t e .  
P a ra l le l is m  o f  the groundmass c ry s ta ls  c h a r a c te r is t ic a l ly  is  d is tu rbed  
around the la rge  phenocrysts (F ig . 20). Sander (1970, p. 333) suggested 
th a t  a medium ( in  th is  case a c ry s ta l  mush) ca rry in g  non-rounded r ig id  
gra ins (phenocrysts) is  more suscep tib le  to  movement than the r ig id  
g ra in s . With any magmatic d isturbance (eg. in je c t io n  p u lsa tion s )  the 
groundmass minerals would be more l i k e l y  to  be forced around the la rg e r ,  
r i g i d  phenocrysts, re s u l t in g  in  a d is ru p t io n  o f  the groundmass l in e a t io n .  
Small scale c o n v e c t io n - l ik e  deformation o f  the m atr ix  f lo w  l in e a t io n  
suggests th a t  f in a l  pulses o f  in t ru s io n  may have a ffec ted  not on ly  the 
groundmass l in e a t io n ,  but a lso any pyroxene phenocryst l in e a t io n .
Problems Related to  the Texture
Lyons (1944) and Beall (1973, p. 19) both mentioned the s c a rc i ty  o f  
evidence o f  f low  s tru c tu re s  to in d ic a te  in t ru s io n  d i re c t io n  w i th in  the 
d ikes . The reasons fo r  the lack o f  f low  l in e a t io n  and f low  d i f f e r e n t ia t io n .
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Figure 20. Groundmass anorthoclase and p lag ioc lase  
m ic ro l i te s  show f low  l in e a t io n  th a t  appears 
to  separate around the s a l i t e  phenocryst.
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the ra d ia l m ig ra tion  o f  c r y s ta ls ,  e s p e c ia l ly  o f  the elongate pyroxene 
phenocrysts, away from the w a lls  and toward the center o f  the d ike during 
f lo w ,  is  not re a d i ly  apparent and deserves some c lo se r a t te n t io n .
To v e r i f y  Lyons' and B e a l l 's  observa tion , I spent considerable time 
searching fo r  megascopic evidence o f  f low  l in e a t io n  in  the f i e l d .  The 
pyroxene phenocrysts w ith  dimensions o f  1 cm by .4 cm seemed a s u i ta b le ,  
somewhat rod-shaped form to  show alignment (Shaw, 1965) and flowage 
d i f f e r e n t ia t io n  (B h a tta rc h j i  and Smith, 1964). Alignment i s ,  however, 
very scarce. The phenocrysts could be described as evenly but randomly 
d is t r ib u te d  throughout the outcrops, w ith  the exception o f  a few small 
areas which show a vague f low  o r ie n ta t io n .
Why is  there no alignment o f  pyroxene phenocrysts? This question 
m erits  a t te n t io n  not on ly  fo r  problems re la te d  to  the f lo w  o f  phenocrysts 
in  the magma, but a lso  to  the c r y s ta l l i z a t io n  s i t e  o f  the phenocrysts. 
Several exp lanations are poss ib le . One is  th a t  no l in e a t io n  e x is ts  
because the pyroxene phenocrysts were not present when the magma was 
in je c te d .  That i s ,  the phenocrysts c r y s ta l l iz e d  a f te r  the magma was 
in truded  in to  the d ikes , and hence grew in  random o r ie n ta t io n s .  To 
e s ta b l is h  the v a l i d i t y  o f  t h is  p o s s ib i l i t y  I sought evidence o f  f i n e r -  
grained phenocrysts near the contacts and deformation o f  the m atr ix  by 
growing phenocrysts. I found th a t  phenocrysts ex is ted  not on ly  to  the 
edge o f  the in tru s io n -c o u n try  rock contact but lo c a l ly  appeared to  be 
p a r t i a l l y  incorporated in to  the country  rock , e sp e c ia l ly  in to  the shale.
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This suggests the phenocrysts ex is ted  during dike in je c t io n .  The 
enveloping o f  e x c lu s iv e ly  early-form ed minerals by euhedral pyroxene 
phenocrysts suggests th a t  the pyroxene c r y s ta l l iz e d  la te r  than most o ther 
m inera ls but p r io r  to  the formation o f  the groundmass, and hence, p r io r  
to  magma in je c t io n .
The problem then remains to  exp la in  why the early-formed pyroxene 
phenocrysts do not show any evidence o f  f low  during magma in je c t io n .
I t  is  poss ib le  th a t  under some circumstances o f  magma f lo w , o r ie n ta t io n  
and d i f f e r e n t ia t io n  might not occur o r evidence o f  f lo w  might be 
destroyed.
The few known examples o f  in tru s io n s  showing f low  d i f f e r e n t ia t io n  
inc lude the s i l l s  o f  north  Skye, Scotland (e .g . see Simkin, 1967), the 
Muskox In t ru s io n  (see B h a tta cha r j i and Smith, 1964), and s i l l s  o f  the 
Labrador Trough (Baragar, 1960). Komar (1972,1976) who has stud ied the 
mechanical in te ra c t io n s  o f  phenocrysts o f  d ikes , noted th a t  phenocrysts 
o f  o l iv in e  demonstrate the m inera log ica l v a r ia t io n s  p a r t ic u la r ly  we ll 
and are most common. P lag ioc lase , as seen in  the phenocrysts o f  the 
Leopard Rocks o f  the Labrador Trough, is  the on ly  o ther mineral known to  
demonstrate f lo w  d i f f e r e n t ia t io n  (Baragar, 1960).
The concept o f  f lo w  d i f f e r e n t ia t io n  has been applied to  magmas as 
an exp lanation o f  the mechanism fo r  the form ation o f  o l i v in e - r i c h  rocks 
in  a v e r t ic a l  o r  s te e p ly -d ip p in g  p o s it io n  w ithou t p r io r  accumulation.
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Such a mineral co n f ig u ra t io n  could be explained by a process which 
causes f ra c t io n a t io n  during and as a re s u l t  o f  a s in g le  movement o f  
magma ra th e r  than m u lt ip le  in je c t io n  (B ha ttacha r j i and Smith, 1964).
During f low  o l iv in e  phenocrysts w i th in  the magma move away from the 
d ike  w a lls  and concentrate in  the center o f  the d ike . Such a process 
a lso  appears to  exp la in  the absence o f  c h i l le d  contacts between the 
zones o f  high phenocryst concentra tion and low concentra tion and the 
m inera log ica l symmetry ( i . e .  phenocryst concen tra tion , o l iv in e  com­
p o s i t io n ,  e tc . )  noted through some dikes (B ha ttacha r j i and Smith, 1964).
To v e r i f y  the hypothesis th a t  phenocrys t-r ich  d ike  cores could be 
formed by the concentra tion  o f  phenocrysts during f lo w , experimental 
models were devised. B h a tta cha r j i and Smith (1964) and B ha ttacha r j i 
(1965) experimented w ith  scale models using s o l id - f l u id  m ixtures. The 
s ig n i f i c a n t  observations from t h e i r  work are:
(1) During laminar f low  s o l id  p a r t ic le s  move from w a lls  to  cen ter.
(2) Spherical and rod shapes ro ta te  as they move toward the cen ter.
(3) The ra te  o f  concentra tion  toward the center increases w ith  
increased v e lo c i ty  or shear g rad ien t (c o n s tr ic t io n s  cause 
concen tra tion  to  acce le ra te ) .
(4) Rate o f  inward movement increases w ith  p a r t ic le  s ize .
(5) Pu lsations cause the s o l id  p a r t ic le  f i la m e n t to  break up. 
Experimental work and f i e l d  observations a lso reveal cond itions
under which f low  d i f f e r e n t ia t io n  would not be expected during the in tru s io n s
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o f  a p o rp h y r i t ic  magma. High v is c o s i ty  caused by a high concentration 
o f  phenocrysts (Shaw, 1965) or coo ling  (Tweto, 1951) would cause an 
absence o f  a x ia l m ig ra tion  during f low  cond it ions . Above à volume con­
c e n tra t io n  o f  50 percent phenocrysts (B h a t ta c h a r j i ,  1965) and below a 
volume concen tra tion  o f  8 percent (Komar, 1972) f low  d i f f e r e n t ia t io n  
Is  not expected to  occur. Under lo w -v e lo c l ty  c o n d it io n s , ax ia l m ig ra tion  
o f  r i g id  p a r t ic le s  (phenocrysts) w i l l  not occur (Goldsmith and Mason, 
1962). Conditions o f  both high v is c o s i ty  and low v e lo c i ty  are not 
favo rab le  fo r  f low  d i f f e r e n t ia t io n ;  th a t  I s ,  when the p a r t ic le  Reynolds 
number Is  less than 10“ ^ (Goldsmith and Mason, 1962).
One o ther con d it io n  which could destroy any evidence o f  f low  
d i f f e r e n t ia t io n ,  o r might never a llow  f lo w  d i f f e r e n t ia t io n  to  occur.
Is  tu rbu lence . Turbu lent f lo w  may be caused by obs truc t ions  in  the 
d ik e ,  r e s u l t in g  in  numerous "convection c e l ls "  (Shaw, 1965). Wall 
roughness, sudden sw e ll in g  o f  d ike w a l ls ,  o r pu lsa tions  during magma 
In je c t io n  may fu r th e r  add to  I r r e g u la r i t ie s  o f  phenocryst d is t r ib u t io n .  
While tu rb u le n t  f lo w  may d is ru p t  o r  destroy f lo w  d i f f e r e n t ia t io n ,  th is  
type o f  f lo w  can promote the c re a t io n  o f  permanent aggregates o f  c ry s ta ls  
(glomerophenocrysts) so long as the turbulence Is  not so vigorous as to  
overcome the cohesive forces between c ry s ta ls  (Vance, 1969).
Low v e lo c i ty  o f  the f low ing  magma, poss ib ly  high v is c o s i ty ,  and 
tu rbu lence could a l l  co n tr ib u te  to  the lack o f  f low  d i f f e r e n t ia t io n  
and phenocryst o r ie n ta t io n  In the dikes o f  the northwestern Adel Mountains
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Turbulence created as the magma moved along the d ike w a lls  Is an 
e s p e c ia l ly  a t t r a c t iv e  p o s s ib i l i t y .  The w a lls  o f  the dikes are not smooth; 
r a th e r ,  the igneous d ike rock o ften  surrounds stoped blocks and wedges 
o f  the sedimentary country rock. Pu lsa ting  magma in je c t io n  may also 
be respons ib le  fo r  the random phenocryst o r ie n ta t io n .  The f low  o r ie n ­
ta t io n  o f  the f in e -g ra in e d  groundmass could be explained by the higher 
s u s c e p t ib i l i t y  o f  the m ic r o l i t i c  groundmass to  movement than the 
phenocrysts (Sander, 1970) during the f in a l  pu lsa tions  o f  magma in je c t io n  
o r f in a l  minor movement o f  magma during c r y s ta l l i z a t io n .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER IV
PETROGRAPHIC PROVINCE OF CENTRAL MONTANA
The T e r t ia ry  igneous rocks which comprise the Central Montana 
Pétrographie Province are w ide ly  d is t r ib u te d  along the eastern f lanks  
o f  the Rocky Mountains from the Canadian border on the north to 
Yellowstone National Park on the south. The s im i la r i t y  o f  the rocks 
from the various igneous centers f i r s t  gained recogn it ion  from 
L. V. P irsson 's  p u b l ic a t io n  o f  "The Pétrographie Province o f  Central 
Montana" (1905).
In h is  work Pirsson describes a group o f  rocks g e n e t ic a l ly  re la ted  
by the common fea tu res  o f  m ineralogy, chemistry and in  some cases 
p e c u la r i t ie s  o f  te x tu re ,  but not then recognized as tem pora lly  re la te d .  
The province as Pirsson worked o u t ,  (F ig . 21) l ie s  in  the center o f  
Montana and includes the Castle Mountains, L i t t l e  B e lt  Mountains,
Ju d ith  Mountains, Highwood Mountains, Bearpaw Mountains, and L i t t l e  
Rocky Mountains. These igneous centers " l i e  roughly in  an oval area 
s t re tc h in g  from the northeast towards the southwest, about 150 miles 
[240 km] long by 100 [160 km] broad in  the middle o f  Montana and shown 
on the map by the [dashed] l in e "  (P irsson , 1905, p. 37).
A d d it io n a l study o f  the rocks in  Central Montana in  the years 
fo l lo w in g  P irsson 's  work prompted Esper Larsen to  w r i te  "Pétrographie
59
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Figure 21. Sketch map o f the Cretaceous-Eocene igneous rock o f  
Central Montana (modified from Larsen, 1940).
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Province o f  Central Montana" (1940). Larsen's work re f le c ts  h is  study 
o f  the Highwood Mountains, a study o f  the l i t e r a t u r e ,  and the advance­
ment o f  the science o f  pe tro logy in  the in te rven ing  years and is  genera lly  
accepted as the most complete work so fa r  w r i t te n  about the Central 
Montana Pétrographie Province.
The g rea te r scope o f  Larsen's work allowed some new observations.
The Central Montana Pétrographie Province is  recognized as a f in e  
example o f  a group o f  rocks defined w ith  respect to  time and space 
th a t  can be d iv ided  in to  subprovinces. There is  a close re la t io n  o f  
chem ica l, m inera log ica l and te x tu ra l  p e c u l ia r i t ie s  o f  the rock as we ll 
as re la t io n s  o f  the rocks to  s t ru c tu ra l  fea tu res  and the method o f  in ­
t ru s io n  and ex trus ion  c h a ra c te r is t ic  to  each subprovince. The rocks 
among the subprovinces are less c lo s e ly  re la te d .
The areas included w i th in  the Central Montana Pétrographie Province 
are from north  to  south: Sweet Grass H i l l s  (Weed and P irsson, 1895;
Kemp and B i l l in g s le y ,  1921); Bear Paw Mountains (Weed and P irsson,
1896; Bryant and o th e rs ,  1960; Schmidt and o th e rs , 1961; Pecora,
1962; Hearn, Pecora and Swadley, 1964; Schmidt and o thers , 1962); L i t t l e  
Rocky Mountains (Weed and P irsson, 1896; Emmons, 1908); Highwood 
Mountains (P irsson, 1905; Hurlbut and Griggs, 1939; Burgess, 1941;
Larsen and o the rs , 1941; Woods, 1974); Northern end o f  the Big B e lt  
Mountains (Adel Mountain Volcanics) (Lyons, 1944; B e a ll ,  1973); Moccasin
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Mountains ( B l i x t ,  1933; M i l le r ,  1959); Jud ith  Mountains (Weed and 
P irsson , 1897; Goddard, 1950); L i t t l e  B e lt  Mountains (Weed and P irsson, 
1895; W itk ind , 1965, 1969, 1973); Castle Mountains (Weed and Pirsson, 
1896; W in ters , 1968); Crazy Mountains (W o lf f ,  1892, 1938; Simms, 1966); 
Yellowstone National Park and Absaroka Range (Hague, Iddings and Weed, 
1899; Rouse, 1940; Parsons, 1958; Prostka and o thers , 1968; Chadwick, 
1970). (For a b r ie f  d e sc r ip t io n  o f  each subprovince see Larsen, 1940).
The composition o f  rocks w i th in  the province ranges from average 
c a lc - a lk a l ic  to  a lk a l ic .  Mafic rocks are c h a ra c te r is t ic  o f most sub­
prov inces, though f e l s i c  and in te rm edia te  rocks are present in  some 
lo c a l i t i e s .
L a c c o l i th s ,  s tocks, p lugs, s i l l s ,  dikes in truded a t  shallow leve ls  
o f  the c ru s t  are common forms o f  igneous in tru s io n s .  Larsen (1940) 
noted th a t  c a lc -a lk a l in e  rocks form stocks w ith  ra d ia t in g  d ikes, but 
few s i l l s  o r la c c o l i th s .  A lk a l in e  rocks form stocks w ith  ra d ia t in g  dikes 
and numerous s i l l s  and la c c o l i th s .
R e la tion  o f  the Adel Mountain Volcanics to  the Central Montana 
Pétrographie Province
In the e a r l ie s t  p u b l ic a t io n  o f  the Central Montana Pétrographie 
Province by Pirsson (1905), no mention o f  the north  pa rt  o f  the Big B e lt  
Mountains (the  Adel Mountains) was made. By the time o f  Larsen's work 
(1940) s u f f i c ie n t  study, e sp e c ia l ly  by Lyons (1944), had been completed
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to  recognize th a t  the Adel Mountains should be included as p a r t  o f  the 
Pétrographie Province.
A comparison o f  some aspects o f  the Adel Mountain Volcanics to  the 
remainder o f  the Central Montana Pétrographie Province w i l l  de linea te  
some d if fe re n c e s . Areas o f  comparison are the age and lo ca t io n  o f  
vo lcan ic  a c t i v i t y  and the pe tro logy and chemistry o f  the igneous rocks.
The time o f  igneous a c t i v i t y  is  one o f  the most outstanding d i f ­
ferences between the Adel Mountains and o ther subprovinces. Volcanism 
in  the Adel Mountains is  be lieved to  have commenced near the end o f  
the la te  Cretaceous as evidenced by the r h y o l i t i c  t u f f  la ye r near the 
base o f  the Upper Cretaceous Two Medicine Formation, w h ile  igneous 
a c t i v i t y  w i th in  a l l  o the r subprovinces occurred during Eocene time 
(Chadwick, 1972). I t  is  s ig n i f i c a n t  to  note th a t  the igneous a c t i v i t y  
in  the Adel Mountains concluded before the end o f  tectonism accompanying 
the Laramide Orogeny based on the evidence o f  fa u lte d  syenogabbro and 
hornblende monzonite d ike  and fo lded vo lcan ic  conglomerates which 
con ta in  fragments o f  a l l  but the very la te s t  in tru s io n s  (Lyons, 1944, 
p. 455). The volcanism o f  the o th e r subprovinces fo llowed or perhaps 
accompanied the la te s t  stages o f  the Orogeny. The im p lica t io n s  o f  a 
re la t io n s h ip  o f  the time o f  igneous a c t i v i t y  to  the Laramide Orogeny 
are as y e t  unclear.
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Igneous a c t i v i t y  o f  the Adel Mountains is  the western-most w i th in  
the Central Montana Pétrographie Province. The Adel Mountains are the 
on ly  subprovince fa r  enough west to  be w i th in  the Disturbed B e lt  o f  
the Rocky Mountain F ront. Deformation in  the form o f  northwesterly  
t ren d in g  fo ld  axes through the th ic k  vo lcan ic  p i le  (Lyons, 1944), may 
be the r e s u l t  o f  Laramide orogenic a c t i v i t y .
The rocks o f  the Adel Mountains are very s im i la r  to  those seen in  
o the r subprovinces. Lyons' (1944) reconnaissance work estab lished 
oro thoc lase basa lts  and analcime trachybasa lts  as the dominant types 
o f  e x tru s ive  rocks. In t ru s iv e  rocks range from gabbro to  quartz 
monzonite and megascopically resemble the dark-co lored rocks w ith  
pyroxene phenocrysts o f  the Highwood Mountains. D is t in c t l y  green 
c linopyroxenes o f  the Adel Mountain Volcanics are c h a ra c te r is t ic  o f  
c linopyroxenes in  the igneous rocks o f  ce n tra l Montana, even i f  the 
t i ta n iu m  content is  h igh , as in  some shonk in ites  o f  the Highwood 
Mountains (P irsson, 1905, p. 39). The c lose s im i la r i t y  o f  the 
pyroxenes from the igneous centers o f  ce n tra l Montana suggests a 
gene tic  re la t io n s h ip  o f  parent magmas.
The Adel Mountain Volcanics are included (F ig . 21) in  the eastern , 
a l k a l i c  s ide o f  the c a lc - a lk a l i c - a lk a l i c  rock l in e  drawn through Central 
Montana (Chadwick, 1972). Chemically, the Adel Mountain Volcanics f a l l  
w i th in  the l im i t s  estab lished  by o ther subprovinces.
The re s u lts  o f  chemical ana lys is  by Beall (1973) are p lo t te d  on 
v a r ia t io n  diagrams (F ig . 22) w ith  the re s u lts  from some o ther subprovinces
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Figure 22. V a r ia t io n  diagrams fo r  the pétrographie province 
o f  Central Montana and the San Juan, Colorado 
province w ith  the d i f f e r e n t ia t io n  trends o f  the 
Adel Mountain Volcanics added. (From Larsen, 1940; 
modified by B e a ll ,  1973).
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The v a r ia t io n  trend o f  the Adel Mountain Volcanics is  gene ra lly  p a ra l le l  
to  the trends o f  the o ther subprovinces and is  s im i la r  to  the trends 
o f  the Crazy Mountains and to  the high KgO trend o f  the Highwood Mountains, 
The Adel Mountain Volcanics have a sm alle r range o f  v a r ia t io n  than o ther 
subprovinces, on ly  -5 to 18 (1/2 SiÛ2 + KgO - MgO - CaO - to ta l  Fe as 
FeO) (B e a l l ,  1973, p. 77) on the Larsen (1938) v a r ia t io n  diagram.
A common o r ig in  is  a lso supported by the s im i la r i t y  o f  clinopyroxenes 
in  the igneous rocks o f  ce n tra l Montana. Larsen (1940) suggested th a t  
the parenta l magma d i f fe re n t ia te d  s low ly  a t  depth by c ry s ta l  s e t t l in g  
to  y ie ld  primary magmas to  each subprovince. W ith in  each subprovince, 
d i f f e r e n t ia t io n  by c ry s ta l  f r a c t io n a t io n  produced the v a r ie ty  o f  rock 
types now seen in  the subprovinces.
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CHAPTER V 
SUMMARY
The northern Adel Mountain Volcanics provide a unique view o f  
feeder d ikes in te rs e c t in g  la c c o l i th s .  Exposure o f  these in tru s io n s  
prompted a study o f  the form ation o f  these la c c o l i th s  and a comparison 
o f  these forms w ith  G. K. G i lb e r t 's  (1877) conception o f  the ideal 
la c c o l i t h .  The steep-sided form o f  these small la c c o l i th s  in  the 
study area is  probably the r e s u l t  o f  magma emplaced along the in t e r ­
face between the Two Medicine Formation and the o ve r ly in g  Adel Mountain 
V o lcan ics , a th ic k  sequence o f  z e o l i t iz e d  a lk a l i  b a s a l t ic  breccia flows,
A lk a l i - r i c h  t ra c h y d o le r i te  o f  the northern Adel Mountains contains 
conspicuous phenocrysts o f  d io p s id ic  aug ite  ( s a l i t e ) .  Phenocrysts o f  
o l i v in e ,  b i o t i t e ,  and p lag ioc lase  are surrounded by a m ic r o l i t i c  
groundmass o f  anorthoc lase, p la g io c la se , pyroxene, and magnetite.
Blebs o f  magnetite and a p a t i te  suggest a poss ib le  genetic  connection 
w ith  ca rb o n a t ite s .  Z e o lite s  and associated c a lc i te  are pervasive.
The presence o f  e i th e r  o l iv in e  or b i o t i t e  in  the t ra c h y d o le r i te  
is  used to  d is t in g u is h  o l iv in e -b e a r in g  v a r ie t ie s  from b io t i te -b e a r in g  
v a r ie t ie s .  Both rock types occur in  the same d ike , confirm ing the 
composite o r ig in  o f  some d ikes.
67
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In t ru s iv e  rock tex tu res  are dominated by elongate clinopyroxene 
phenocrysts. Such phenocrysts should, according to  experimental s tud ies 
(B h a tta ch a r j i  and Smith, 1964), show some evidence o f  f low  d i f f e r e n t ia t io n  
The absence o f  f lo w  fea tu res  from the dikes o f  the northern Adel 
Mountains, except in  the groundmass anorthoclase, is  thought to  be 
caused by turbulence during magmatic in je c t io n .
The Adel Mountain Volcanics are one o f several e a r ly  T e r t ia ry  
igneous centers d is t r ib u te d  along the eastern s ide o f  the Rocky 
Mountains th a t  are included in  the Central Montana Pétrographie Province. 
The te c to n ic  environment o f  the Adel Mountains and the remainder o f  
the Province shows c h a ra c te r is t ic s  o f  a fo re land  overlapping both a 
subduction zone and a r i f t  zone. The high potassium content conforms 
to  the pa tte rn  o f  increas ing  potassium content moving in land away from 
the subduction zone (Lipman and others, 1971). But the Adel Mountains 
a lso  appear to  be s itu a te d  on deep northw est-trend ing  c ru s ta l f ra c tu re s  
(A lpha, 1955; Smith, 1965; Chadwick, 1972). The close connection 
between the a lk a l in e  igneous a c t i v i t y  and major te c to n ic  s tru c tu re s ,  
p a r t i c u la r ly  f a u l t  zones, shown by o ther a lk a l in e  provinces such as 
the East A fr ica n  R i f t  Zone, the Rhine-Oslo Graben and the Monterigian 
Province o f  Quebec (B a i le y ,  1974) suggests th a t  the igneous a c t i v i t y  o f  
the Adel Mountains may be o f  s im i la r  o r ig in .
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